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We consider the nuclear scattering cross section for the eXciting Dark Matter (XDM) model. In
XDM, the Weakly Interacting Massive Particles (WIMPs) couple to the Standard Model only via
an intermediate light scalar which mixes with the Higgs: this leads to a suppression in the nuclear
scattering cross section relative to models in which the WIMPs couple to the Higgs directly. We
estimate this suppression factor to be of order 10−5. The elastic nuclear scattering cross section
for XDM can also be computed directly: we perform this computation for XDM coupled to the
Higgs sector of the Standard Model and find a spin-independent cross section in the order of 4 ×
10−13 pb in the decoupling limit, which is not within the range of any near-term direct detection
experiments. However, if the XDM dark sector is instead coupled to a two-Higgs-doublet model,
the spin-independent nuclear scattering cross section can be enhanced by up to four orders of
magnitude for large tan β, which should be observable in the upcoming SuperCDMS and ton-scale
xenon experiments.
PACS numbers: 95.35.+d
I. INTRODUCTION
Motivated by the apparent excess of e+e− annihilation
in the Galactic center [1, 2], Finkbeiner & Weiner [3] pro-
posed a model of eXciting Dark Matter (XDM) in which
Weakly Interacting Massive Particles (WIMPs) collision-
ally excite and subsequently de-excite via e+e− emission.
This model uses the kinetic energy of the WIMP dark
matter to create e+e− pairs, in contrast with light dark
matter models in which the pairs result from the mass
energy of WIMP annihilation [e.g., 4], where the WIMP
mass must be less than a few MeV [5, 6]. Because the
XDM WIMP must have a weak-scale mass (∼ 500 GeV)
it retains many of the desirable properties of weak-scale
WIMPs such as the thermal relic freeze-out abundance.
Collisional excitation of weak-scale WIMPs was also dis-
cussed by Pospelov & Ritz [7].
The recent claim by DAMA/LIBRA of an annual mod-
ulation signal [8] conflicts strongly with other direct
detection experiments [CDMS, XENON-10, ZEPLIN-II,
CRESST], under the assumption of elastic nuclear scat-
tering. Models in which the WIMP scatters inelastically,
exciting an internal state of order 100 keV, appear to ac-
commodate all available data [9]. The success of inelastic
WIMP scattering in these two cases (albeit with different
mass splittings) raises the question of whether a nuclear
scattering cross section of 10−4 pb (required by Chang
et al [9]) could arise naturally in the XDM model.
In XDM, WIMPs couple to the Standard Model via
a new light scalar which mixes with the Higgs. Pre-
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liminary results from ATIC [10] and PAMELA motivate
the existence of just such a light particle [11]. However,
the mixing angle between the light scalar and the Higgs
suppresses the nuclear scattering cross section relative to
generic models of dark matter where the Higgs couples di-
rectly to the WIMPs. We first estimate this suppression
factor, then calculate the nuclear scattering cross section
for the XDM dark sector coupled to the Standard Model
or a two-Higgs-doublet model, and finally discuss the role
of inelastic scattering and prospects for direct detection.
II. SUMMARY OF THE XDM MODEL
The defining feature of the XDM model is that the
WIMP has an excited state which can be collisionally
excited, and subsequently decay to produce e+e− pairs.
The excited state could exist due to compositeness of the
dark matter, or arise from an approximate symmetry of
the theory.
For the excited state to be accessible in the Milky Way,
and relevant for e+e− production, only a narrow kine-
matical range must be considered for the mass splitting,
δ. For the decay to the ground state to be energeti-
cally capable of producing e+e− pairs, one must have
δ > 1.022 MeV. On the other hand, the kinetic energy
available for a pair of 500 GeV WIMPs colliding each
with velocities v ∼ 600 km/s (roughly the escape veloc-
ity of the galaxy), is 2 MeV, setting an upper bound on
δ.
To produce a sufficiently high number of positrons to
explain the INTEGRAL signal, a large cross section is
required [3, 7], comparable to the geometric cross section
set by the characteristic momentum transfer. That is,
σ ∼ (Mχδ)−1 is of the correct size. Such a cross section
can arise naturally [3], but requires the presence of a
2new light scalar φ, with m2φ
<∼Mχδ. The χ can excite by
emitting a φ with amplitude λ− or can scatter elastically
with amplitude λ+. We generally assume λ− ∼ λ+, but
this need not necessarily be the case.
The XDM dark-sector Lagrangian takes the form [3],
LXDM = 1
2
∂µφ∂
µφ+ χ†iσµ∂
µχi −mDχ1χ2 −
−λ1φχ21 − λ2φχ22 − V (φ) + αXDMφ2h2. (1)
The last term couples the dark sector to the Standard
Model via the Higgs. Defining new basis states χ, χ∗ =
1/
√
2(χ1 ∓ χ2), and new couplings λ± = λ1 ± λ2, the
Lagrangian becomes
LXDM = 1
2
∂µφ∂
µφ+ χ†σµ∂
µχ+ χ†∗σµ∂
µχ∗ −
−1
2
(−mDχ2 +mDχ2∗ + λ+φχ2 + λ+φχ2∗)−
−λ−φχχ∗ − V (φ) + αXDMφ2h2. (2)
We write αXDM = m
2
φK/2v
2
h, where K is the tuning pa-
rameter that determines the correction to the φ VEV
and vh is the VEV of the Higgs h (vh = 246 GeV in the
Standard Model): naturalness demands that K ≤ 100
(corresponding to a 1% fine-tuning), and αXDM ≤ 10−3.
The mass splitting δ is given by δ = 2λ+〈φ〉, where 〈φ〉
is the vacuum expectation value of the φ scalar. While
XDM in its current form is an ad hoc extension to the
Standard Model and is not supersymmetric, we expect it
to be possible to realize the XDM mechanism in super-
symmetric models as well.
III. EFFECT OF THE INTERMEDIATE LIGHT
SCALAR ON THE NUCLEAR SCATTERING
CROSS SECTION
XDM WIMPs couple to the visible sector by the mix-
ing of the Higgs with the new light scalar φ, so at tree
level, WIMP-nucleus scattering occurs only via t-channel
φ-Higgs exchange. A similar scenario has been explored
in [12], where the dark matter is itself a scalar that cou-
ples to the Higgs. In generic models of dark matter other
scattering channels are available (such as t-channel Z ex-
change, and s and t-channel squark exchange in the Min-
imal Supersymmetric Standard Model (MSSM)), but the
t-channel Higgs exchange (Fig. 1) generally provides the
dominant contribution [13]. Consequently, the WIMP-
nucleus scattering cross section in XDM is suppressed
mostly by the mixing angle between the new light scalar
and the Higgs, and the suppression factor can be calcu-
lated in a straightforward way.
The Feynman diagram for t-channel Higgs-mediated
WIMP-nucleus scattering in XDM (Figure 2) is identi-
cal to Figure 1 except that the χ and χ∗ WIMPs do not
couple directly to the Higgs: their interaction with the
Higgs is mediated by the relatively light scalar φ boson,
which then mixes with the Higgs. Integrating out the φ
h
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FIG. 1: t-channel WIMP-nucleus scattering via Higgs trans-
fer.
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φ
N
χ
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FIG. 2: t-channel WIMP-nucleus scattering via φ-mediated
Higgs transfer (XDM scenario).
propagator gives rise to an effective WIMP-Higgs inter-
action with amplitude λ+.4αXDMvh〈φ〉/(m2φ − t). The
analysis is identical for elastic scattering of χ∗ parti-
cles; for the inelastic de-excitation χ∗A → χA (where
A denotes the nucleus) the only change is that λ+ is re-
placed with λ−. (The inelastic excitation χA → χ∗A is
kinematically forbidden for virtually all the WIMPs in
the Earth’s neighborhood.) In the center-of-mass frame
t = −2|p|2(1 − cos θ), where θ is the scattering angle
and the incoming WIMP has 4-momentum p. For the
energy range of interest, the momentum transfer is gen-
erally small compared to mφ, so the effective coupling
becomes,
ghχχ = 4λ+αXDMvh〈φ〉/m2φ =
δK
vh
. (3)
(If mφ is very small, of the same order as the momen-
tum transfer, then the φ exchange can introduce a simple
angular dependence to the cross section.)
This effective coupling is very small: allowing K to
take values up to 100, we find,
ghχχ ≈ 4.1× 10−4
(
K
100
)(
δ
1MeV
)( vh
246GeV
)−1
. (4)
Suppose we compare XDM to a generic model with
ghχχ = 0.1 as a benchmark. Then we see the XDM nu-
clear scattering cross section (proportional to the square
of the coupling) is suppressed by at least five orders of
magnitude.
3IV. CALCULATION OF THE XDM
WIMP-NUCLEUS ELASTIC SCATTERING
CROSS SECTION
We now calculate the XDM WIMP-nucleus cross sec-
tion directly, for XDM coupled to the Higgs sector of
the Standard Model. We will compute the effective spin-
independent cross section for low-energy scattering be-
tween a WIMP and a pointlike nucleus. (To determine
the actual scattering cross section this result must then
be integrated over the nuclear form factor.)
Evaluating the elastic scattering amplitude M in the
low-energy (t ≪ mφ ≪ mh) nonrelativistic regime, for a
nucleus with Z protons and A− Z neutrons, we obtain,
|M| = (2M)(2mχ)ghχχ
m2h
(Zghpp + (A− Z)ghnn) , (5)
where ghpp and ghnn are the couplings of the Higgs to the
proton and neutron respectively, and M is the nuclear
mass. Thus the cross section due to Higgs exchange is
given by,
σ =
µ2Aχ
pi
(
Kδ
vh
)2(
Zghpp + (A− Z)ghnn
m2h
)2
, (6)
where µAχ is the reduced mass of the system.
The couplings of the Higgs to the proton and neutron
are given by [13, 14],
ghNN =
∑
q=u,d,s,c,b,t
〈N |q¯q|N〉ghqq (7)
〈N |q¯q|N〉 = fNTqmN/mq, (8)
where N = p, n, and the nucleon parameters fNTq are
given by [15, 16, 17]
fpTu = 0.023, f
p
Td = 0.034, f
p
Ts = 0.14,
fpTc = f
p
Tb = f
p
Tt = 0.0595, (9)
fnTu = 0.019, f
n
Td = 0.041, f
n
Ts = 0.14,
fnTc = f
n
Tb = f
n
Tt = 0.0592. (10)
Note that fNTs is not well determined [15]: values in the
literature also include 0.08 [18] and 0.46 [16, 19]. We
adopt the value obtained by Gasser et al [17] and used in
the DarkSUSY package [14]. The nucleon parameters for
the heavy quarks c, b, t are determined by those for the
light quarks [15, 20], so the uncertainty in fNTs carries over
to those parameters as well. However, choosing different
values for fNTs modifies the final cross section by a factor
∼ 3− 4 at most.
In the Standard Model, the quark-Higgs Yukawa cou-
plings are given by ghqq = −mq/vh, so the nuclear scat-
tering cross section takes the form,
σ =
K2
pi
(
µAχδ
v2hm
2
h
)2
(0.3776(A− Z)mn + 0.3755Zmp)2 .
(11)
To compare with the current limits from direct detec-
tion experiments, we now take A = Z = 1 and compute
the scattering cross section for a single proton. In this
case mp = M ≪ mχ so µAχ ≈ mp. The lab-frame low-
energy elastic scattering cross section is then,
σ ≈ 4× 10−13pb×
( mh
100GeV
)−4
×
(
K
100
)2
×
×
(
δ
1MeV
)2
×
( vh
246GeV
)−4
. (12)
This is a very small cross section, some five orders of
magnitude below current experimental limits.
V. TWO-HIGGS-DOUBLET MODELS
If the XDM dark sector is instead coupled to a two-
Higgs-doublet model (2HDM), the cross section can po-
tentially be significantly enhanced by interactions involv-
ing the heavy Higgs. Such models constitute one of the
simplest extensions of the Standard Model that allow ad-
ditional CP violation [21, 22], and have been discussed
extensively in the literature (see [23] for a review). We
will concern ourselves here with type-II 2HDMs, where
one Higgs doublet couples purely to up-type fermions and
the other couples purely to down-type fermions [24]: the
MSSM is one example of such a model. The effective cou-
pling between χ and the heavy Higgs can be quite large
for large tanβ in such models, as the smaller VEV results
in a weaker constraint on the φ-Higgs mixing αXDM.
Such a model requires the Lagrangian (Eq. 2) to be
modified to take couplings to the second Higgs into ac-
count. For example, let us replace the usual φ-Higgs
mixing term with αXDMφ
2H0uH
0
d + h.c., where as usual
the VEVs of the neutral Higgses are defined by,
〈H0u〉 =
vu√
2
, 〈H0d〉 =
vd√
2
, (13)
and tanβ = vu/vd, v
2
h = v
2
u + v
2
d ≈ (246GeV)2.
The H0u-φ and H
0
d -φ mixing terms then become,
respectively, (2αXDM〈φ〉vd/
√
2)φ(H0u + h.c.) and
(2αXDM〈φ〉vu/
√
2)φ(H0d + h.c.). The constraint on
αXDM now comes from the term 2(αXDMvuvd/2)φ
2, and
can be written as,
αXDM = K
m2φ
2vuvd
, (14)
where as previously K ≤ 100. Thus the Higgs-φ mixing
terms in the Lagrangian can be written as,
Lmixing = 1√
2
Km2φ〈φ〉×
(
1
vu
H0u +
1
vd
H0d
)
φ+h.c. (15)
We are interested in scatterings mediated by the scalar
uncharged physical Higgs bosons. We now transform to
4the basis of mass eigenstates, h0 and H0, which as usual
are related to H0u and H
0
d by a mixing angle α,
ℜH0u =
1√
2
(
cosαh0 + sinαH0
)
,
ℜH0d =
1√
2
(− sinαh0 + cosαH0) . (16)
Thus the mixing terms become,
Lmixing = Km2φ〈φ〉 ×
((
cosα
vu
− sinα
vd
)
h0+
+
(
sinα
vu
+
cosα
vd
)
H0
)
φ. (17)
The effective Higgs-WIMP interactions can then be
written,
gh0χχ =
Kδ
2
(
cosα
vu
− sinα
vd
)
gH0χχ =
Kδ
2
(
sinα
vu
+
cosα
vd
)
. (18)
The quark-Higgs Yukawa couplings ghqq for the light
CP-even Higgs are given by [15],
ghqq =
mq
vh
×
{ − cosα
sin β
for q = u, c, t,
sinα
cosβ
for q = d, s, b,
(19)
whereas those for the heavy CP-even Higgs are,
gHqq =
mq
vh
×
{ − sinα
sin β
for q = u, c, t,
− cosα
cosβ
for q = d, s, b.
(20)
The Standard Model couplings are recovered in the de-
coupling limit where α ≈ β − pi/2.
The effective WIMP-nucleon interaction for a proton
thus becomes,
gpχχ =
Kδmp
2v2h
(
1
m2
h0
(
cosα
sinβ
− sinα
cosβ
)
×
×
(
0.2335
sinα
cosβ
− 0.142cosα
sinβ
)
+
+
1
m2
H0
(
sinα
sinβ
+
cosα
cosβ
)
×
×
(
−0.142sinα
sinβ
− 0.2335cosα
cosβ
))
(21)
The nuclear scattering cross section normalized to a sin-
gle nucleon is, as previously,
σ =
µ2Aχ
pi
g2pχχ. (22)
At large tanβ, Eq. 21 can give rise to a much greater
cross section than in the Standard Model case (Eq. 12),
via the contribution from the heavy Higgs. In the most
general two-Higgs-doublet model, the Higgs masses and
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FIG. 3: Variation of the cross section with tan β for XDM
coupled to a two-Higgs-doublet model, for mA = 300, 400, 500
GeV. The thick lines correspond to cases where the light Higgs
mass is held constant at 100 GeV, whereas the thin lines use
the tree-level MSSM values.
mixing angles are all independent parameters: however,
allowing all these parameters to vary freely can lead to
conflicts with experimental constraints, and problematic
flavor changing neutral current processes. To estimate
the effect of increasing tanβ, we consider the tree-level
MSSM relations between mH ,mh, α and β [15],
m2h,H =
1
2
(
m2A +M
2
Z∓
∓
√
(m2A +M
2
Z)
2 − 4M2Zm2A cos2 2β
)
,(23)
sin 2α
sin 2β
= −m
2
A +m
2
Z
m2H −m2h
,
cos 2α
cos 2β
= −m
2
A −m2Z
m2H −m2h
. (24)
Note that these relations are only approximately correct:
the Higgs masses experience significant radiative correc-
tions.
Fig. 3 shows the variation of the spin-independent
cross section as a function of tanβ, for different pseu-
doscalar Higgs masses mA (see [25] for a recent analysis
of constraints on mA). We also show the cross section
where the light Higgs mass is held constant at 100 GeV
(but the tree-level relations are used to obtain the mix-
ing angle α), to facilitate comparison with the Standard
Model case discussed previously and to explore the effect
on the nuclear scattering cross section of varying the light
Higgs mass. At large tanβ we find that varying the mass
of the light Higgs has little impact, as the contribution
from exchange of the heavy Higgs dominates.
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FIG. 4: Current experimental limits and theoretical predic-
tions for the spin-independent proton-WIMP elastic scatter-
ing cross section. The lower dashed line is the estimated cross
section for XDM coupled to the Standard Model, calculated
in this paper. The upper dashed line is the cross section for
XDM coupled to a 2HDM with tan β = 50 and mA = 300
GeV, as shown in Fig. 3.
VI. INELASTIC SCATTERING
Tucker-Smith and Weiner [9, 26, 27] have investigated
models of inelastically scattering dark matter in which
the modulation observed by DAMA/LIBRA [8] remains
consistent with the absence of signals in other direct de-
tection experiments, due to kinematic suppression of the
scattering rate. XDM does not satisfy the requirements
for those models, as the mass splitting δ is too large by
a factor of 10: nonetheless, it is interesting to consider
how inelastic scattering processes might contribute to the
interaction cross section.
The coupling constant for inelastic scattering in XDM,
λ−, may be significantly larger than λ+ [28], so the low
cross section calculated for elastic scattering does not
necessarily limit the inelastic scattering cross section.
The cross section for dark matter inelastically scatter-
ing with itself (χχ → χχ∗) can be quite large in XDM:
however, this is mostly due to enhancement by ladder
diagrams [3]. Such an enhancement does not apply to
WIMP-nucleus scattering, as each φ-h exchange is sup-
pressed by a factor of αXDM.
The excitation process χA → χ∗A is suppressed by a
kinematic factor
√
1− 2δ/ (µAχv2), where v is the lab-
frame velocity of the incident WIMP, and the cross sec-
tion falls to zero at the threshold velocity v =
√
2δ/µAχ
(in units of c): for a mass splitting of δ = 1 MeV and
any reasonable choice of nucleus, the threshold velocity
is higher than the velocity of all but a minute fraction
of the WIMPs in the neighborhood of the Earth. While
the de-excitation process is not kinematically suppressed,
the density of ambient χ∗ particles is extremely low com-
pared to that of the χ particles [28], so the contribution
to the detection rate is negligible even if the cross section
is large.
Clearly, XDM in its current form does not predict sig-
nificant inelastic nucleus-WIMP scattering, due to the
relatively large mass splitting. However, a modified XDM
model containing multiple excited states, with some split-
tings of order 100 keV, might permit a greater degree
of inelastic scattering, and support the Tucker-Smith-
Weiner mechanism (such models have been discussed in
[11, 29]). The strong suppression of the elastic scatter-
ing cross section calculated in this work may be useful in
such a model: if inelastic scattering effects are to recon-
cile DAMA with other direct detection experiments, the
elastic scattering cross section must be very small relative
to inelastic scattering contributions.
VII. PROSPECTS FOR DIRECT DETECTION
Figure 4 [30] shows the current and projected upper
limits on the elastic scattering cross section (normalized
to a single nucleon) for an array of experiments as a func-
tion of the WIMP mass, as well as the predicted values
obtained by sampling the parameter spaces of theoreti-
cal models of dark matter. It is clear that the prediction
for XDM coupled to the Standard Model falls well below
all current constraints, and also well below the projected
lower limits of the SuperCDMS and ton-scale xenon ex-
periments. However, if the XDM dark sector is instead
coupled to a two-Higgs-doublet model with large tanβ
(>∼ 20 − 30), the cross section may be large enough to
permit direct detection in upcoming experiments.
VIII. CONCLUSION
The XDM model, where the dark sector couples to the
Standard Model only via the weak mixing of a light scalar
with the Higgs, has a highly suppressed cross section for
elastic nuclear scattering relative to models where the
WIMP couples directly to the Higgs. We estimate this
suppression at five or more orders of magnitude. Com-
puting the XDM nuclear scattering cross section directly,
for XDM coupled to the Standard Model, leads to a
WIMP-proton cross section for elastic scattering of,
σ ≈ 4× 10−13pb×
( mh
100GeV
)−4
×
(
K
100
)2
×
×
(
δ
1MeV
)2
×
( vh
246GeV
)−4
, (25)
6which is beyond the reach of future proposed direct de-
tection experiments. However, coupling the XDM dark
sector to a two-Higgs-doublet model can give rise to in-
teresting cross sections, provided tanβ is large.
Models of dark matter incorporating inelastic scat-
tering may be of interest in reconciling the results of
DAMA/LIBRA with other direct detection experiments,
but XDM in its current form is unsuitable, as the mass
splitting is too large for the excited state to be kine-
matically accessible by WIMPs in the neighborhood of
the Earth. However, extensions of the model contain-
ing multiple nearly degenerate excited states might allow
inelastic scattering to play a greater role.
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